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Abstract
Background: COUP transcription factors are required for the regulation of gene expression underlying development,
differentiation, and homeostasis. They have an evolutionarily conserved function, being a known marker for neurogenesis
from cnidarians to vertebrates. A homologue of this gene was shown previously to be a neuronal and nematocyte
differentiation marker in Hydra. However, COUP-TFs had not previously been studied in a colonial cnidarian.
Methodology/Principal Findings: We cloned a COUP-TF homologue from the colonial marine cnidarian Hydractinia
echinata. Expression of the gene was analysed during normal development, allorecognition events and ectopic Wnt
activation, using in situ hybridisation and quantitative PCR. During normal Hydractinia development, the gene was first
expressed in post-gastrula stages. It was undetectable in larvae, and its mRNA was present again in putative differentiating
neurons and nematocytes in post-metamorphic stages. Global activation of canonical Wnt signalling in adult animals
resulted in the upregulation of COUP-TF. We also monitored a strong COUP-TF upregulation in stolons undergoing
allogeneic interactions. COUP-TF mRNA was most concentrated in the tissues that contacted allogeneic, non-self tissues, and
decreased in a gradient away from the contact area. Interestingly, the gene was transiently upregulated during initial
contact of self stolons, but dissipated rapidly following self recognition, while in non-self contacts high expression levels
were maintained.
Conclusions/Significance: We conclude that COUP-TF is likely involved in neuronal/nematocyte differentiation in a variety
of contexts. This has now been shown to include allorecognition, where COUP-TF is thought to have been co-opted to
mediate allorejection by recruiting stinging cells that are the effectors of cytotoxic rejection of allogeneic tissue. Our
findings that Wnt activation upregulates COUP-TF expression suggests that Wnts’ role in neuronal differentiation could be
mediated through COUP-TF.
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Introduction
Hydractinia echinata is a dioecious colonial marine organism
belonging to the phylum Cnidaria. Colonies are most often found
encrusting hermit crab shells (Figure 1). They are composed of
repeating, genetically identical but functionally distinct polyps.
Sexual reproduction occurs daily with light-induced spawning
events during which eggs and sperm are released into the water by
female and male colonies, respectively. The embryo develops
within three days into a planula larva that is competent to
metamorphose [1]. After receiving an external metamorphosing
signal, the larva attaches to the substrate and develops into a
primary polyp. Polyps are polarised with a mouth surrounded by
tentacles at the oral pole (referred to as the head) and stolons at the
aboral pole. Colonies grow by elongation of the stolons, from
which new clonal polyps bud (Figure 1). The stolons form a system
of gastrovascular tubes that enables distribution of food and
exchange of stem cells among remote parts of the colony [2,3].
Stolons of young colonies often grow into contact with those of
conspecifics following co-settlement of allogeneic larvae on the
same shell, which they actively locate [4]. Hydractinia allorecogni-
tion has been investigated for over fifty years [5,6]. The genetic
basis of the recognition process, however, has only recently been
elucidated and found to be determined by two co-dominantly
expressed genes, alr1 and alr2, which are located in one
chromosomal region, called the allorecognition complex (ARC).
Sharing of at least one allele at both gene loci results in permanent
fusion and chimera establishment, whereas sharing of alleles at
only one locus results in transitory fusion, followed by rejection.
Colonies that share no allele at either locus will reject each other
without fusion and will aggressively compete [7–13]. Downstream
genes acting in Hydractinia allorejection have not yet been
identified.
Colonies recruit extensive numbers of nematocytes to stolon
contact sites [7,8]. Nematocytes are cnidarian-specific mechano-
receptor cells that contain nematocysts: toxin containing, harpoon-
like structures enclosed in minicollagen capsules which are used for
defence and prey capture [7,8,12,14]. Of the five nematocyte types
present in Hydractinia, only one, the microbasic mastigophore, is
involved in allogeneic interactions. These cells migrate to the
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the foreign tissue [7,8,12]. Allogeneic conflicts can last for weeks
with repeated nematocyst discharges from both colonies, until one
colony has defeated its opponent. During the rejection response,
stolons can become hyperplastic, rising off the substrate, growing
over the opposing colony and swelling with nematocytes [15]. We
show here that the allorecognition responses result in local
upregulation of the Hydractinia chicken ovalbumin upstream promoter
transcription factor (COUP-TF) gene, which is, to the best of our
knowledge, the first identified effector gene in cnidarian
allorecognition.
COUP-TFs belong to the steroid/thyroid hormone receptor
superfamily of nuclear receptors (NR) and are required for
regulation of gene expression underlying development, differenti-
ation, and homeostasis [16,17]. COUP-TFs are also known as
nuclear receptor subfamily 2, group F (NR2F) genes. COUP-TFs
bind to evolutionarily conserved DNA motifs in their target genes
either as homodimers, or as a heterodimer with retinoid X
Figure 1. Hydractinia echinata colony structure. (A–E) Early colony growth, viewed from above. m; mouth of primary polyp. t; tentacle. s; stolon.
b; newly budding polyp. (A) Developing primary polyp, one day after induction of metamorphosis, stolon and tentacles are starting to develop. (B)
Polyp 2 days after induction of metamorphosis, stolons have grown longer. (C) Colony 5 days after induction of metamorphosis, new feeding polyps
have budded from the stolons. (D) Colony 7 days after induction of metamorphosis, colony has continued to grow by stolon extension and budding
of new polyps. (E) Colony 10 days after induction of metamorphosis consists of numerous polyps at various stages of development and an increasing
stolon network. (F, G) Hermit crabs whose shells are encrusted by mature Hydractinia colonies, consisting of thousands of polyps and extensive
stolon networks. (H) Schematic illustration of colony structure. Feeding polyps (gastrozooid) and sexual polyps (gonozooid) are linked by a system of
gastrovascular canals called stolons. Stolons grow along the substrate budding new polyps at regular intervals. Scale bars (A) 200 mm, (B, C) 500 mm
and (D, E) 1 mm.
doi:10.1371/journal.pone.0019443.g001
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transcriptional regulator, although they can also act as transacti-
vators [18–23]. COUP-TF (NR2F) is a known marker for
neurogenesis from cnidarians to vertebrates, and Hydra COUP-
TF has been shown to be expressed during both neuronal and
nematocyte differentiation, where it is thought to promote entry
into the differentiation process [24–27]. Cnidarian COUP-TFs
have also been identified in corals and sea anemones [28,29].
Nematocytes originate from the neuronal lineage. Nematogen-
esis has been primarily studied in Hydra and Clytia.I nHydra
nematocytes differentiate throughout the body column ectoderm,
then migrate to the tentacles [30,31]. In contrast, nematogenesis in
the medusa stage of Clytia is restricted to the tentacle bulb [32]. We
have isolated a Hydractinia COUP-TF gene whose expression is
induced by inter-colony interaction, resulting in nematogenesis.
Wnt signalling in Hydractinia has been shown to result in the
expansion of stem cells, which subsequently differentiate to nerve
cells and nematocytes [33]. In other metazoans, self-renewal and
expansion of stem cells have also been linked with Wnt/ß-catenin
activation, in particular the expansion of neural progenitors [34–
36], the self-renewal of haematopoietic stem cells [37,38], and the
maintenance of pluripotency of embryonic stem cells [39]. Wnt
signalling has also been shown to be involved in the specification of
cell fate in guiding neural crest stem cells out of the cell cycle into
terminal differentiation [40–43]. Our results show that COUP-TF
is a Wnt target gene, which is upregulated in response to Wnt
signalling.
We have successfully isolated and characterised a Hydractinia
COUP-TF gene and examined its expression in response to ectopic
Wnt signalling and allorecognition events. These results have
relevance for understanding the effector mechanisms of the
Cnidarian rejection response and more broadly the evolutionary




A fragment of 257 bp of the COUP-TF transcript was obtained
from the SSH screen for genes upregulated by Wnt signalling. The
remainder of the 39 sequence to the polyA tail was then obtained
by RACE PCR. In total, a partial sequence consisting of 1,239 bp
of the COUP-TF mRNA transcript was obtained, which
represented a 339 amino acid coding sequence – corresponding
to almost the full human protein. The sequence was deposited in
GenBank under accession number JF414805. BLAST analysis of
the predicted amino acid sequence revealed that the four closest
sequences were Cupiennius salei seven-up (NR2F3), a predicted
protein from Hydra magnipapillata, the Mus musculus COUP-TFI, and
Homo sapiens COUP transcription factor 2 isoform a (NR2F2)
(GenBank accession numbers CAH59197, XP_002159396,
XP_001475509 and NP_066285, respectively). Another similar
cnidarian sequence was Acropora millepora nuclear receptor AmNR7
(GenBank accession number AAL29200). The Hydractinia COUP-
TF predicted amino acid sequence showed 51% identity to the
overall human sequence with higher rates in the conserved DNA-
binding domain and the ligand-binding domain (Figure 2).
Expression pattern of COUP-TF during development
Similar to Hydra, COUP-TF expression was not detectable
throughout cleavage by in situ hybridisation [24]. As of the late
post-gastrula stage (pre-planula), a spot of COUP-TF expressing
cells became evident (Figure 3B–D). This is the proposed location
of nerve cells and nematocyte precursors at this stage in Podocoryne
larvae, a closely related hydrozoan [26]. However, COUP-TF
expression was not detectable in planula larvae. COUP-TF
expression did return after metamorphosis, in putative differenti-
ating neuronal cells, near the head of primary polyps, which is the
pole corresponding to the pre-planula expression spot (Figure 3).
This is also the same pole which expresses Wnt3 [44–46].
COUP-TF and allorecognition
While performing in situ hybridisation with young colonies, we
noticed high COUP-TF expression in the interface between two
allogeneic colonies. To examine this phenomenon in more detail,
colonies were allowed to grow into contact with one another
before being fixed for in situ hybridisation. During allogeneic
rejection, the level of COUP-TF expression increased significantly
at stolon contact sites (Figure 4). It was also strongly upregulated
throughout large parts of the adjacent stolonal network in a graded
manner away from the contact site (Figure 4). It remains to be
confirmed whether the COUP-TF protein is co-located with its
mRNA. COUP-TF expressing stolons contained large numbers of
differentiated nematocytes; such cells are clearly visible in the
expressing tissue (Figure 4C–E). Later-stage hyperplastic stolons,
identified by their growth over adjoining competitor colonies,
showed very strong COUP-TF expression and were packed with
nematocytes. Fully differentiated nematocytes showed no COUP-
TF expression (Figure 4C–E) consistent with the case in Hydra
[24].
Self Recognition
COUP-TF was also transiently upregulated during early stages of
self-stolon encounters (Figure 5), but was downregulated shortly
after contact and not seen in later-stage fused stolons. This is
consistent with previous research [8], which showed that even self
encounters result in initial recruitment of microbasic mastigo-
phores to the predicted contact area before self recognition and
dispersal.
COUP-TF is upregulated following Wnt activation
We originally identified COUP-TF from a SSH screen of genes
upregulated in response to ectopically activating Wnt signalling. In
the screen, mRNA from LiCl-treated polyps and untreated
controls were subtracted. LiCl is known to block GSK3 mediated
b-catenin degradation, thereby mimicking the effect of Wnt ligand
binding and activating Wnt target genes [33,45–47]. The LiCl
treatment resulted in ectopic outgrowths along the polyp body
columns. These outgrowths were shown to contain proliferating
cells (Figure 6A, B), consistent with the known role of Wnt
signalling in Hydractinia [33]. They also contained nematoblast
nests and differentiated nematocytes (Figure 6C). qPCR confirmed
that COUP-TF expression increases in response to LiCl treatment,
with LiCl-treated pre-planula showing a 3.8 fold increase of
expression (Figure 6D). LiCl treatment also increased expression of
Brachyury (17 fold), Tcf (10 fold) and Wnt3 (3.2 fold), all of which are
known Wnt target genes in Hydractinia [46].
Discussion
We have shown here a hitherto undescribed link between Wnt
signalling and COUP-TF expression in Hydractinia. Evidence from
the literature suggests that this link is evolutionarily conserved
across the metazoa, and may have broader implications: COUP-
TF is upregulated in colorectal cancers [23], which also deregulate
Wnt signalling [48,49]. Upregulation of COUP-TF expression has
been detected in other mammalian tumour tissue types. For
example, it has been shown that ectopic expression of COUP-TFII,
COUP-TF Expression in Hydractinia
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cells results in the acquisition of invasive and migratory abilities as
well as in vitro tumorigenicity [50]. In addition, COUP-TFII has
been shown to be upregulated in tumorigenic mouse cells, where it
is a repressor of MHC class I transcription, therefore, potentially
aiding these cells in evading the immune response [51]. Our
findings of Wnt’s ability to upregulate COUP-TF expression
mirrors recent results in the differentiation of human fat cells
where canonical Wnt signalling activates the expression of COUP-
TFII, resulting in the repression of adipogenesis [52]. These
Figure 3. COUP-TF expression during development. (A) Early embryo: no expression is detectable by in situ hybridisation in the first 24 hours of
embryonic development. (B) A spot of expression appears in pre-planula (approximately 24 hours post-fertilisation). (C, D) Higher magnification of
pre-planula expression spots. (C) A single spot of expressing cells appears at one pole of the pre-planula only. (D) Nematocytes are visible to the right
of the expression site (arrow). (E) No expression is detectable in planula larvae. (F) Putative COUP-TF expressing nerve cells are detectable in primary
polyps. Scale bars (A, B & E) 200 mm, (C & F) 50 mm and (D) 20 mm.
doi:10.1371/journal.pone.0019443.g003
Figure 2. Alignment of the partial Hydratinia echinata COUP-TF coding sequence with its closest human match, COUP transcription
factor 2 isoform a, accession number NP_066285. The light grey highlighted sequence corresponds to the conserved DNA-binding domain
and the dark grey to the conserved ligand binding domain of COUP-TFs.
doi:10.1371/journal.pone.0019443.g002
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the human COUP-TFII promoter and showed it to be a direct
Wnt/b-catenin target in preadipocytes. Therefore, combined with
our results, it appears that Wnt’s ability to upregulate COUP-TF
expression is ancient, having been established early in metazoan
evolution.
The role of Wnt signalling in the control of vertebrate
neurogenesis has recently been subject to further elucidation
[41–43]. Wnt3a has been shown to promote hippocampal
neurogenesis by shortening the cell cycle duration of mouse
neural progenitor cells [43]. It remains to be discovered which
Wnt ligand is responsible for increasing stem cell proliferation in
cnidarians. It would also be of interest to further investigate
whether the links shown previously between Hydractinia Wnt
activation and subsequent neurogenesis and nematogenesis [33]
(which our results indicate may be COUP-TF mediated) have
similar underlying mechanisms to those emerging in vertebrate
systems.
Our COUP-TF expression results during the rejection response
address the query raised by Lange et al. [8] of whether increased
proliferation and differentiation of precursor cells to microbasic
mastigophores occurs locally in response to contact, or if
Figure 4. COUP-TF mRNA expression during allogeneic colony rejection. (A) Three young colonies whose stolons have grown into contact.
Original primary polyps of each colony are numbered. Arrows indicate colony stolon contact sites and corresponding COUP-TF expression. (B) Close-
up of contact sites between colony 1 and 2 (arrows) and COUP-TF expression. Expression is strongest in contact regions, and decreases away from the
contact zone in a graded manner. The upper contacting stolon of colony 1 is clearly hyperplastic, being swollen and overgrowing its competitor. (C–
E) Higher magnification views of competing stolons. Nematocyte build up (differentiation to discharge). (C) Increased expression corresponds to
nematocyte differentiation. Mature nematocytes are visibly swelling the upper stolon tip (arrow). Nests of differentiating COUP-TF expressing
nematoblasts are also visible. (D) A later stage contact site. The right stolon has overgrown the left one. Differentiated nematocytes of left stolon
(arrow) are lining up in a battery in preparation for discharge. (E) Close-up of the lower contact site in image B. Arrow indicates large numbers of
nematocytes. Scale bars (A & B) 500 mm, (C–E) 20 mm.
doi:10.1371/journal.pone.0019443.g004
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stolon parts. The COUP-TF expression pattern indicates that the
former option is more likely, with an increase in COUP-TF
mediated differentiation close to the contact site, while the greater
the distance from the site of contact, the weaker the COUP-TF
expression. However, while this does not fully rule out immigra-
tion of differentiated nematocytes, the weaker distal expression of
COUP-TF suggests that distant areas are not the primary suppliers
of microbasic mastigophores to the contact zone. Distal areas may
still be a source of stem cells, which undergo nematogenesis locally
mediated by COUP-TF. These results add stolon contact sites,
both self and non-self, to the known locations of nematogenesis in
cnidarians, i.e. the Hydra body column and Clytia tentacle bulbs
[30–32].
Figure 5. COUP-TF expression during stolon self contact in a single primary polyp, one day after metamorphosis. (A) The left stolon
has grown into contact with the right stolon. Expression is visible at the contact site of the left stolon and at the tip of the right stolon, adjacent to the
contact site (arrows). (B) Higher magnification view of contact site. White arrow indicates putative nematoblast, black arrow indicates nematocyte.
Scale bars (A) 50 mm and (B) 20 mm.
doi:10.1371/journal.pone.0019443.g005
Figure 6. Proliferation, nematoblast differentiation and altered gene expression in response to Wnt activation. (A, B) Wnt induced
outgrowth. (A) Bright field view of outgrowth. (B) Wnt induced outgrowths consist of numerous proliferating cells, as shown by BrdU labelling of
proliferating nuclei (green fluorescence). (C) Nematocytes (black arrows) and nematoblast nests (white arrow) are visible in outgrowth of LiCl-treated
polyp. (D) Expression levels of COUP-TF and known Wnt targets Tcf, Wnt3 & Brachyury analysed by qPCR. Expression levels normalised to GAPDH. The
relative quantity (RQ) of expression of each gene in control larvae were compared to expression levels in the 18.5 hour LiCl-treated pre-planula. Scale
bars 50 mm.
doi:10.1371/journal.pone.0019443.g006
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upregulation is unrelated to allorecognition. This is because even
isogeneic (i.e. self) encounters result in initial COUP-TF induction
and microbasic mastigophore recruitment to the contact zone [8].
The difference between compatible and incompatible contacts are
that in the case of compatible touching stolons, COUP-TF
expression dissipates and the nematocytes disperse, while incom-
patible interacting stolons continue to express high levels of COUP-
TF and produce, or attract, large numbers of microbasic
mastigophores, which are the effector mechanisms in the rejection
process. The unusual stolon type produced in Hydractinia during
allorejection, the hyperplastic stolon [15], also strongly expressed
the gene. Therefore, we propose that initial COUP-TF expression
in the contact zone is mediated by a non-allotypic diffusible factor
emitted upon stolon contact (self or non-self), with alr1/alr2
mediated recognition subsequently modulating COUP-TF expres-
sion, either downregulating it (in self recognition) or further
upregulating it (in non-self recognition). It would be of interest to
determine how COUP-TF transcriptional regulation is achieved,
and whether it involves Wnt signalling, another regulator of
COUP-TF expression reported here. Determining which specific
portions of the COUP-TF promoter sequence are responsive to
stolon contact and ARC-mediated allorecognition would likely
prove informative in deciphering the intermediary signalling
pathways which affect allogeneic rejection in cnidarians.
In summary, Hydractinia is a valuable model for examining the
evolutionary origins of COUP-TF function in neurogenesis. Since
neurogenesis/nematogenesis has been co-opted to the cnidarian
allorejection mechanism, COUP-TF is unlikely to have a conserved
role in allorecognition in other animals. The link between Wnt
signalling and COUP-TF, reported here, may also provide insight
into both stem cell and cancer biology.
Materials and Methods
Animals
Hydractinia echinata colonies were collected from Galway Bay by
SCUBA divers. They were cultured in natural seawater at 18uC
under 14/10 light-dark regimes and were fed brine shrimp nauplii
(Artemia salina) six times a week. Sperm and eggs were collected
daily about an hour after the onset of light. Embryos were kept in
Petri dishes for three days until embryonic development was
completed to metamorphosis-competent planula larvae. Meta-
morphosis was induced by a three-hour pulse treatment of
116 mM CsCl in seawater as previously described [53] and the
animals were allowed to settle and metamorphose on glass
coverslips. For LiCl experiments, polyps were cut from adult
colonies near their bases using fine surgical scissors.
Wnt target gene suppressive subtractive hybridisation
(SSH)
Polyps were cut away from colonies at their base and incubated
for 24 hours in seawater containing 28 mM LiCl. Control polyps
were allowed to regenerate in normal seawater. Seventy five
minutes after the treatment, mRNA from LiCl treated and control
polyps was extracted. Total RNA was extracted by acid
guanidinium/phenol:chloroform extraction. mRNA was purified
from Total RNA using a Dynabeads mRNA Purification Kit
(Dynal Biotech) according to manufacturer’s instructions. These
two mRNA populations were then used in a suppressive
subtractive hybridisation (SSH) using a PCR-Select cDNA
Subtraction Kit (Clontech Laboratories, Inc.) according to the
manufacturer’s protocol. The PCR products were then cloned
using pGEM-T vector system (Promega). The subtracted library
was sequenced and the differential expression of selected clones
was verified by qPCR.
Obtaining sequence data
A 257 bp fragment of the COUP-TF gene was obtained from the
SSH for genes upregulated by mimicking Wnt signalling with LiCl
(see above).
To obtain a longer sequence, Clontech’s SMART RACE
protocol was used for 39 RACE. A COUP-TF specific forward
primer was designed from the EST cloned sequence obtained from
the SSH. Forward primer sequence: 59GTCGATCAACAT-
CACCGAAA39. ß-catenin and Tcf sequences had been obtained
previously [46] (GenBank accession numbers GU145277 and GU145278
respectively). Brachyury, Wnt3, and GAPDH primers were designed from
the GenBank entries, accession numbers AF312733.1, AM279678 and
DT622622, respectively.
Quantitative, real-time PCR (qPCR)
Thirty-one-hour old embryos (pre-planula) were incubated in
seawater containing 28 mM LiCl for 18.5 hours. After treatment,
total RNA was extracted from samples to be analysed by acid
guanidinium/phenol:chloroform extraction. The RNA was then
DNase digested with RQ1 RNase free DNase (Promega) and
phenol:chloroform purified. It was reverse transcribed to cDNA
using Omniscript Reverse Transcriptase (Qiagen). qPCR was
performed on a StepOne Plus (Applied Biosystems) with Power
SYBR reagents according to the manufacturer’s recommended
protocol. Gene expression was normalised to the expression of
GAPDH. Generated PCR products were analysed by melt curve
analysis, by gel electrophoresis and by sequencing. The following
primer sets were used: GAPDH nested forward 59TGCTA-
CAACTGCCACACAGAAAA39 and reverse 59CACCACGAC-
CATCTCTCCATTT39; COUP-TF forward 59TGCGCAGT-
TTGTGGAGATAAA39 and reverse 59TGCAACCTTCGCAT-
GTGTATACT39; Wnt3 forward 59CCAACACCAACGCGAAG-
TATG39 and reverse 59ACCTTCCCCGACACTTCTGA39; Tcf
forward 59GCGCCATTCACATGCAGTTA39 and reverse 59C-
GACCGATTTGTGCATAGTTGT39; Brachyury forward 59CCA-
ACCGGCACCACTTAAA39 and reverse 59CGAGCTAACG-
GCGACACTTT39.
Allorecognition experiments
In order to examine gene expression during the allorecognition
response, larvae were induced to metamorphose and were settled
in close proximity to each other on a cover slip. These colonies
were allowed to develop for a few weeks until their stolons grew
into contact with one another. The colonies were then fixed and
processed for in situ hybridisation while on the slide. To examine
self contact, primary polyps whose own stolons had grown into
contact with one another were similarly processed for in situ
hybridisation.
In situ hybridisation
In situ hybridisation was performed as previously described
[54,55]. Hybridisations were performed at 50uC. COUP-TF RNA
probes were synthesised from a pGEM-T plasmid containing the
257 bp fragment of the gene obtained from the SSH.
Bromodeoxyuridine (BrdU) proliferation assay
LiCl treated polyps (see above) were incubated in seawater
containing 200 mM BrdU for 2 hours and thereafter washed with
seawater. Forty minutes after the end of BrdU incubation they
were fixed with paraformaldehyde. BrdU detection was performed
COUP-TF Expression in Hydractinia
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Glycine pH7.2. Next they were treated with 2 M HCl, then
washed with 0.25% Triton PBS. Unspecific binding of the
antibodies was blocked with 1%BSA in 0.25% Triton PBS.
Samples were then incubated for 1 hour at room temperature in
1:500 dilution of anti-BrdU (Roche), then washed with 0.25%
Triton PBS and incubated in the dark at room temperature for
1 hour in pre-absorbed 1:500 dilution of secondary antibody,
Alexa-Fluor 488 anti-mouse antibody (Invitrogen A11059). Finally
they were washed with 0.25% Triton PBS.
Acknowledgments
Thanks are due to Jenny Whilde and R. Cathriona Millane for assistance
and discussions, and to Terry Callanan, John Galvin and Albert Lawless
for technical assistance.
Author Contributions
Conceived and designed the experiments: DJD UF. Performed the
experiments: DJD. Analyzed the data: DJD UF. Contributed reagents/
materials/analysis tools: DJD UF. Wrote the paper: DJD UF.
References
1. Frank U, Leitz T, Mu ¨ller WA (2001) The hydroid Hydractinia: a versatile,
informative cnidarian representative. BioEssays 23: 963–971.
2. Mu ¨ller W (1964) Experimentelle Untersuchungen u ¨ber Stockentwicklung,
Polypendifferenzierung und Sexualchima ¨ren;Hydractinia echinata. Develop-
ment Genes and Evolution 155: 181–268.
3. Mu ¨ller WA, Teo R, Frank U (2004) Totipotent migratory stem cells in a
hydroid. Dev Biol 275: 215–224.
4. Leitz T, Wagner T (1993) The marine bacterium Alteromonas espejiana induces
metamorphosis of the hydroid Hydractinia echinata. Marine Biology 115:
173–178.
5. Hauenschild VC (1954) Genetische urn! entwichlunwhytiologiscbe Untersu-
chungen uber Intersexualitat midGewebevertraglichkebitei Hydractinia echinata
Flem. Wilheim Rozo Arch Enzwicklungsmech 147: 1–41.
6. Hauenschild VC (1956) Uber die Vererbung einer Gewebevenraglichkeits-
Eigenschaft bei dem Hydroidpolypen Hydractinia echinata. Z Natu,forsch 11b.
7. Buss LW, McFadden CS, Keene DR (1984) Biology of Hydractiniid Hydroids.
2. Histocompatibility Effector System/Competitive Mechanism Mediated by
Nematocyst Discharge. Biol Bull 167: 139–158.
8. Lange R, Plickert G, Mu ¨ller WA (1989) Histoincompatibility in a low
invertebrate, Hydractinia echinata: Analysis of the mechanism of rejection.
Journal of Experimental Zoology 249: 284–292.
9. Mokady O, Buss LW (1996) Transmission Genetics of Allorecognition in
Hydractinia symbiolongicarpus (Cnidaria: Hydrozoa). Genetics 143: 823–827.
10. Cadavid LF, Powell AE, Nicotra ML, Moreno M, Buss LW (2004) An
invertebrate histocompatibility complex. Genetics 167: 357–365.
11. Powell AE, Nicotra ML, Moreno MA, Lakkis FG, Dellaporta SL, et al. (2007)
Differential Effect of Allorecognition Loci on Phenotype in Hydractinia
symbiolongicarpus (Cnidaria: Hydrozoa). Genetics 177: 2101–2107.
12. Nicotra ML, Powell AE, Rosengarten RD, Moreno M, Grimwood J, et al. (2009)
A Hypervariable Invertebrate Allodeterminant. Current biology : CB 19:
583–589.
13. Rosa SFP, Powell AE, Rosengarten RD, Nicotra ML, Moreno MA, et al. (2010)
Hydractinia Allodeterminant alr1 Resides in an Immunoglobulin Superfamily-
like Gene Complex. 20: 1122–1127.
14. Holstein T, Tardent P (1984) An ultrahigh-speed analysis of exocytosis:
nematocyst discharge. Science 223: 830–833.
15. Ivker FB (1972) A hierarchy of histo-incompatibility in Hydractinia echinata. Biol
Bull 143: 162–174.
16. Tsai M, O’Malley BW (1994) Molecular Mechanisms of Action of Steroid/
Thyroid Receptor Superfamily Members. Annual Review of Biochemistry 63:
451–486.
17. Navab R, Wang Y, Chow Y-H, Wang A, Jankov RP, et al. (2002) Regulation of
Human Clara Cell 10 kD Protein Expression by Chicken Ovalbumin Upstream
Promoter Transcription Factors (COUP-TFs). Am J Respir Cell Mol Biol 27:
273–285.
18. Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and orphan
receptors. Cell 83: 841–850.
19. Tsai SY, Tsai M-J (1997) Chick Ovalbumin Upstream Promoter-Transcription
Factors (COUP-TFs): Coming of Age. Endocr Rev 18: 229–240.
20. Giguere V (1999) Orphan Nuclear Receptors: From Gene to Function. Endocr
Rev 20: 689–725.
21. Pipaon C, Tsai SY, Tsai M-J (1999) COUP-TF Upregulates NGFI-A Gene
Expression through an Sp1 Binding Site. Mol Cell Biol 19: 2734–2745.
22. Park J-I, Tsai SY, Tsai M-J (2003) Molecular mechanism of chicken ovalbumin
upstream promoter-transcription factor (COUP-TF) actions. The Keio Journal
of Medicine 52(3): 174–181.
23. Shin S-W, Kwon H-C, Rho M-S, Choi H-J, Kwak J-Y, et al. (2009) Clinical
significance of chicken ovalbumin upstream promoter-transcription factor II
expression in human colorectal cancer. Oncology Reports 21: 101–106.
24. Gauchat D, Escriva H, Miljkovic-Licina M, Chera S, Langlois M-C, et al. (2004)
The orphan COUP-TF nuclear receptors are markers for neurogenesis from
cnidarians to vertebrates. Developmental Biology 275: 104–123.
25. Miljkovic-Licina M, Gauchat D, Galliot B (2004) Neural evolution: analysis of
regulatory genes in a first-evolved nervous system, the hydra nervous system.
BioSystems 76: 75–87.
26. Galliot B, Quiquand M, Ghila L, de Rosa R, Miljkovic-Licina M, et al. (2009)
Origins of neurogenesis, a cnidarian view. Developmental Biology 332: 2–24.
27. Langlois MC, Vanacker JM, Holland ND, Escriva H, Queva C, et al. (2000)
Amphicoup-TF, a nuclear orphan receptor of the lancelet Branchiostoma
floridae, is implicated in retinoic acid signalling pathways. Development Genes
and Evolution 210: 471–482.
28. Grasso LC, Hayward DC, Trueman JWH, Hardie KM, Janssens PA, et al.
(2001) The Evolution of Nuclear Receptors: Evidence from the Coral Acropora.
Molecular Phylogenetics and Evolution 21: 93–102.
29. Reitzel AM, Tarrant AM (2009) Nuclear receptor complement of the cnidarian
Nematostella vectensis: phylogenetic relationships and developmental expression
patterns. BMC Evol Biol 9: 230.
30. David CN, Challoner D (1974) Distribution of Interstitial Cells and
Differentiating Nematocytes in Nests in Hydra attenuata. Amer Zool 14:
537–542.
31. David CN, Gierer A (1974) Cell Cycle Kinetics and Development of Hydra
Attenuata: III. Nerve and Nematocyte Differentiation. J Cell Sci 16: 359–375.
32. Denker E, Manuel M, Leclere L, Le Guyader H, Rabet N (2008) Ordered
progression of nematogenesis from stem cells through differentiation stages in the
tentacle bulb of Clytia hemisphaerica (Hydrozoa, Cnidaria). Developmental
Biology 315: 99–113.
33. Teo R, Mo ¨hrlen F, Plickert G, Mu ¨ller WA, Frank U (2006) An evolutionary
conserved role of Wnt-signaling in stem cell fate decision. Dev Biol 289: 91–99.
34. Ikeya M, Lee SMK, Johnson JE, McMahon AP, Takada S (1997) Wnt signalling
required for expansion of neural crest and CNS progenitors. Nature 389:
966–970.
35. Chenn A, Walsh CA (2002) Regulation of Cerebral Cortical Size by Control of
Cell Cycle Exit in Neural Precursors. Science 297: 365–369.
36. Chenn A, Walsh CA (2003) Increased Neuronal Production, Enlarged
Forebrains and Cytoarchitectural Distortions in {beta}-Catenin Overexpressing
Transgenic Mice. Cereb Cortex 13: 599–606.
37. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, et al. (2003) A role for
Wnt signalling in self-renewal of haematopoietic stem cells. Nature 423:
409–414.
38. Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL, et al. (2003)
Wnt proteins are lipid-modified and can act as stem cell growth factors. Nature
423: 448–452.
39. Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH (2004)
Maintenance of pluripotency in human and mouse embryonic stem cells
through activation of Wnt signaling by a pharmacological GSK-3-specific
inhibitor. Nat Med 10: 55–63.
40. Lee H-Y, Kleber M, Hari L, Brault V, Suter U, et al. (2004) Instructive Role of
Wnt/{beta}-Catenin in Sensory Fate Specification in Neural Crest Stem Cells.
Science 303: 1020–1023.
41. Kuwahara A, Hirabayashi Y, Knoepfler PS, Taketo MM, Sakai J, et al. (2010)
Wnt signaling and its downstream target N-myc regulate basal progenitors in the
developing neocortex. Development 137: 1035–1044.
42. Martinez-Morales PL, Quiroga AC, Barbas JA, Morales AV (2010) SOX5
controls cell cycle progression in neural progenitors by interfering with the
WNT-[beta]-catenin pathway. EMBO Rep 11: 466–472.
43. Yoshinaga Y, Kagawa T, Shimizu T, Inoue T, Takada S, et al. (2010) Wnt3a
Promotes Hippocampal Neurogenesis by Shortening Cell Cycle Duration of
Neural Progenitor Cells. Cellular and Molecular Neurobiology 30: 1049–1058.
44. Plickert G, Jacoby V, Frank U, Muller WA, Mokady O (2006) Wnt signaling in
hydroid development: Formation of the primary body axis in embryogenesis and
its subsequent patterning. Developmental Biology 298: 368–378.
45. Mu ¨ller WA, Frank U, Teo R, Mokady O, Gu ¨tte C, et al. (2007) Wnt signaling in
hydroid development: Ectopic heads and giant buds induced by GSK-3
inhibitors. Int J Dev Biol 51: 211–220.
46. Duffy DJ, Plickert G, Kuenzel T, Tilmann W, Frank U (2010) Wnt signaling
promotes oral but suppresses aboral structures in Hydractinia metamorphosis
and regeneration. Development 137: 3057–3066.
47. Duffy DJ (2011) Modulation of Wnt signalling: a route to speciation?
Communicative & Integrative Biology 4: 1–3.
48. Hollande F, Pannequin J, Joubert D (2010) The long road to colorectal cancer
therapy: Searching for the right signals. Drug resistance updates : reviews and
commentaries in antimicrobial and anticancer chemotherapy 13: 44–56.
49. Waldner MJ, Neurath MF (2010) The molecular therapy of colorectal cancer.
Molecular Aspects of Medicine 31: 171–178.
COUP-TF Expression in Hydractinia
PLoS ONE | www.plosone.org 8 April 2011 | Volume 6 | Issue 4 | e1944350. Navab R, Gonzalez-Santos JM, Johnston MR, Liu J, Brodt P, et al. (2004)
Expression of Chicken Ovalbumin Upstream Promoter-Transcription Factor II
Enhances Invasiveness of Human Lung Carcinoma Cells. Cancer Research 64:
5097–5105.
51. Smirnov DA, Hou S, Liu X, Claudio E, Siebenlist UK, et al. (2001) COUP-TFII
Is Up-regulated in Adenovirus Type 12 Tumorigenic Cells and Is a Repressor of
MHC Class I Transcription. Virology 284: 13–19.
52. Okamura M, Kudo H, Wakabayashi K-i, Tanaka T, Nonaka A, et al. (2009)
COUP-TFII acts downstream of Wnt/b-catenin signal to silence PPARc gene
expression and repress adipogenesis. Proceedings of the National Academy of
Sciences 106: 5819–5824.
53. Mu ¨ller WA (1973) Induction of metamorphosis by bacteria and ions in the
planulae of Hydractinia echinata: an approach to the mode of action. Pub Seto
Mar Biol Lab 20: 194–208.
54. Gajewski M, Leitz T, Schloessherr J, Plickert G (1996) LWamides from Cnidaria
constitute a novel family of neuropeptides with morphogenetic activity.
Development Genes and Evolution 205: 232–242.
55. Mali B, Soza-Ried J, Frohme M, Frank U (2006) Structural but not functional
conservation of an immune molecule: a tachylectin-like gene in Hydractinia.
Developmental & Comparative Immunology 30: 275.
COUP-TF Expression in Hydractinia
PLoS ONE | www.plosone.org 9 April 2011 | Volume 6 | Issue 4 | e19443